Background {#Sec1}
==========

Capacitive-resistive electrical transfer (CRET) therapies apply non-invasive electrothermal treatments with radiofrequency (RF) currents in the 400--600 kHz range, aimed to induce hyperthermia in targeted tissues. Due to Joule's effect the RF current generates a thermal increase in the tissues that is a function of a number of physical and physiological parameters, including the specific impedance of each tissue \[[@CR1], [@CR2]\]. Hyperthermia induced by RF and microwave signals, either modulated or not, has been successfully applied in physiotherapeutic treatments for pain relief \[[@CR3]\] or recovery of muscle, tendon and joint tissues \[[@CR4]--[@CR6]\], as well as in oncological treatments \[[@CR7]--[@CR10]\]. In the case of RF currents used in CRET therapies, in vitro experimental evidence exists providing some evidence on their potential applicability in oncology. Indeed, it has been reported that exposure to moderate levels of hyperthermia generated by 448kHz CRET currents can potentate the action of anti-tumor agents on human tongue squamous carcinoma cells HSC-4 \[[@CR11]\], and that the potential effectiveness of CRET in cancer treatment may be enhanced by the ability of the RF current to heat metal nanoparticles embedded in the tumor tissue \[[@CR12]\].

Until recently it has been assumed that the therapeutic effects of CRET treatments were exclusively due to the tissular response to the hyperthermia induced by RF exposure. However, several in vitro studies focused on the investigation of potential mechanisms underlying the bioeffects of CRET currents, have revealed that subthermal doses (current density J ≤ 50 μA/mm^2^; ΔT \< 0.1 °C) of RF electric signal can elicit significant responses in different human cell types. We have reported that, applied at a frequency of 448 kHz, these subthermic CRET signals induce significant changes in the proliferation of adipose-derived stem cells (ADSC) obtained from healthy volunteers, as well as in their adipogenic or chondrogenic differentiation \[[@CR13]--[@CR15]\]. These results can be interpreted as indicative that, apart from the beneficial action of the electroinduced hyperthermia at the tissular level, the cellular response to the electric signal itself could significantly contribute to the therapeutic action of CRET treatments for tissue repair and regeneration.

Similar conclusions were obtained from our results on human cancer cell response to in vitro exposure to sub-thermal CRET currents. Indeed, short and repeated stimulation with 570 kHz CRET currents at a 50 μA/mm^2^ density has proven to cause significant decrease in the proliferation rate of the human hepatocarcinoma cell line HepG2. This response being due, at least in part, to arrest in phases G1 and S of the cell cycle in a fraction of the cellular population, was mediated by electrically induced changes in the expression of cycle proteins like p53 and Bcl-2. The electrical treatment also induced significant changes in the expression of alpha-fetoprotein (AFP) and albumin, both involved in the differentiation of hepatocarcinoma cells \[[@CR16]--[@CR18]\]. The same treatment induced necrosis and cell cycle arrest in the human neuroblastoma NB69 line, resulting in cytostatic and cytotoxic effects \[[@CR19]\]. By contrast, normal, non-proliferating peripheral blood mononuclear cell (PBMC) obtained from human volunteers were irresponsive to the subthermal treatment with 570kHz currents \[[@CR19]\].

On the basis of the foregoing, we have proposed that the efficacy of electrothermal CRET therapies may be due to a sum or cooperation between the effects of hyperthermia and the electrically-induced cellular response \[[@CR19]\]. If so, it is conceivable that within the relatively narrow frequency spectrum of the currents applied in CRET treatments, the thermal effects may not differ significantly. However, as regards the cellular response to the electric current, it can be postulated that, as in the case of other electric, magnetic or electromagnetic stimuli, the type of induced response could differ, depending on the specific signal frequency, even within a narrow range such as that of the CRET frequencies \[[@CR20], [@CR21]\]. To test this hypothesis we have analyzed the response of NB69 cells to exposure to subthermal currents within a 350--650 kHz range. The results reveal that, among the tested frequencies, only a 448 kHz signal induced statistically significant proapoptotic and antiproliferative effects. The analysis of the phenomena involved in both effects revealed that the obtained cytostatic response was potentially due to modifications in cell cycle kinetics, accompanied by changes in the expression of p-ERK1/2, cyclin D1, p27 and, perhaps, of the EGF receptor at the cell membrane domain. Significant changes in the expression of p53, Bax and caspase-3 were also found, which could be involved in the observed apoptotic response.

Methods {#Sec2}
=======

Cell culture {#Sec3}
------------

The neuroblastoma cell line NB69 (lot No. 03I019/2008, item No. 99072802) was purchased from the European Collection of Authenticated Cell Cultures (ECACC, Salisbury, UK). The cells were periodically tested for mycoplasma contamination (PCR) and response to chemical and physical treatments, including cytostatic agents or hyperthermia.

Cells were plated in 75 cm^2^ culture flasks containing D-MEM medium (Biowhittaker, Lonza, Verviers, Belgium) supplemented with 10% (v/v) foetal bovine serum, 1% L-glutamine and 1% penicillin-fungizone (Gibco, Invitrogen, Camarillo, CA, USA). Cells were grown in an incubator (Forma Scientific, Thermo Fisher, Waltham, MA, USA) with a 37 °C, 5% CO~2~, humidified atmosphere. Every seventh day, when confluent, the culture was passed by detaching the cells with 0.05% trypsin + 0.02% EDTA (Sigma, Saint Louis, Missouri, USA) in HBSS and seeding them in a new flask. The remaining cells were plated in 60 mm-diameter Petri dishes (Nunc, Roskilde, Denmark), at a density of 8160 cells/cm^2^. For immunofluorescence analysis, the cells were seeded on glass coverslips placed inside the Petri dishes.

Electric treatment {#Sec4}
------------------

The electric treatment was applied at day 4th after seeding. The exposure system has been described in detail in previous papers \[[@CR13], [@CR18], [@CR19]\]. Briefly, electric current was delivered by pairs of sterile, stainless steel electrodes, designed ad hoc for in vitro stimulation, that were fitted inside the Petri dishes. For CRET exposure, the electrode pairs inserted in the experimental dishes were connected in series to a Multifrequency signal generator (INDIBA®, Barcelona, Spain) custom-engineered to supply RF electric currents within a 350 kHz -- 650 kHz range. For sham-exposure, the electrode pairs placed inside all control dishes were also connected to the generator, though they remained unenergized. The stimulation pattern consisted of 5-min pulses of 350 kHz, 448 kHz, 570 kHz or 650 kHz, sine wave current administered at a subthermal density of 50 μA/mm^2^. Each pulse was followed by a non-stimulation lapse of either 0 min or 25 min (short-term treatments), or 3 h and 55 min (other treatments). Except for the short-term treatment, the described pulse-interpulse cycle was repeated along total intervals of 4, 12 or 24 h. The cultures were grown in two separate, identical CO~2~ incubators (Thermo Fisher Scientific, Waltham, MA, USA). The stimulation parameters and the atmosphere inside the incubators (temperature: 37 °C, relative humidity: 90% and CO~2~: 5%) were constantly monitored. The electromagnetic environment inside the incubators was also monitored \[[@CR18]\].

Trypan blue assay {#Sec5}
-----------------

The effect on cell viability of a 24-h treatment with each of the selected frequencies was assessed through Trypan Blue exclusion assay. The cells were detached from the plates using 0.05% trypsin + 0.02% EDTA, stained with 0.4% Trypan Blue (Sigma, Steinheim, Germany) diluted in PBS 1:4, and counted in a Neubauer chamber. At least three experimental replicates per frequency were conducted.

Flow cytometry {#Sec6}
--------------

The applied standard gating procedure has been described in detail elsewhere \[[@CR16], [@CR17], [@CR19]\]. Briefly, at the end of a 24-h treatment with the 448 kHz signal the cells were trypsinized, harvested and stained with propidium iodide for 1 h at room temperature. In each experimental repeat three cell suspensions were processed per experimental condition. The relative fractions of subG0/G1 (indicative of cell death) G1, S and G2/M subpopulations were determined through DNA content quantification (FACScalibur, Becton Dickinson, Franklin Lakes, NJ, USA). CellQuest 3.2 software was used for data acquisition (20,000 events per sample) and analysis. Suitable gating strategies were applied to exclude debris and aggregates.

Immunofluorescence {#Sec7}
------------------

The protocol has been described in detail in previously published articles \[[@CR17]--[@CR19]\]. Briefly, the expression of p-ERK1/2, p-p38, p53, Bax and caspase-3 in samples exposed on coverslips to the 448 kHz current during 30 min, 12- and/or 24-h, was immunofluorescence determined. The cells were fixed with 4% paraformaldehyde and incubated overnight at 4 °C with rabbit polyclonal anti-p-ERK1/2 (1:500; cat n: 44-680G, Thermo Fisher, Bengaluru, India), mouse monoclonal anti-p-p38 (1:500; cat. n: \#9216), mouse monoclonal anti-p53 (1:200; cat. n: \#2524), rabbit polyclonal anti-caspase-3 (1:400; cat. n: \#9664), the three of them from Cell Signalling (Danvers, MA, USA) and rabbit polyclonal anti-Bax (1:100; cat. n: sc-6236) from Santa Cruz Technologies (Texas, USA). Afterwards, the samples were fluorescence stained for 1 h at room temperature with Alexa Fluor® 488 goat anti-rabbit IgG (1:500; cat n: A-11034) or with Alexa Fluor® 568 goat anti-mouse (1:500; cat. n: A-11031), both from Molecular Probes (Oregon, USA) and the cell nuclei were counterstained with bisBenzimide H33258 (Sigma). In each experimental repeat 3 coverslips per experimental group were photomicrographed and analyzed. Twenty microscope fields (800 cells per field) were randomly selected per coverslip and the percents of immunoreactive cells were calculated over the total cell number, revealed by Hoechst counterstaining of the nuclei using fluorescence microscopy (Nikon Eclipse TE300; Melville, USA) and Computer-Assisted Image Analysis (Analy-SIS, GMBH, Munich, Germany). All analyses were performed in duplicate and repeated at least 3 times for each of the analyzed proteins.

Western blotting {#Sec8}
----------------

The protocols for electrophoresis and Western blotting have been described in detail elsewhere \[[@CR16]\]. Briefly, p-ERK1/2, were analyzed at the end of the initial 5-min stimulation with the 448-kHz signal, and at 30 min, 4 h, 12 h or 24 h from the first exposure onset. ERK1/2 and p-EGFR were analyzed at the end of the initial 5-min stimulation and 30 min afterwards. p-JNK and p-p38 expressions were analyzed at 30 min from the initial 5-min stimulation, and cyclin D1, p53, p27 and Bax were analyzed at 12 and 24 h. After CRET- or sham-stimulation the cells were harvested in hypotonic lysis buffer (10 mM Tris-HCl, 10 mM KCl, 1 mM dithiothreitol, 1 mM EDTA, 1 mM PMFS, 10 μg/ml leupeptin, 5 μg/ml pepstatin, 100 mM NaF, 20 mM β-glycerophosphate, 20 mM sodium molybdate, 0.5% Triton X-100 and 0.1% SDS). Afterwards, the proteins were separated, transferred to nitrocellulose membranes and immunostained overnight at 4 °C for rabbit polyclonal anti-p-EGFR (1:1000; cat. n: \#3777), mouse monoclonal anti-p-p38 (1:1000), anti-ERK1/2 (1:1000; cat. n: \#9102), anti-p-JNK (1:1000; cat. n: \#4668) and anti-p53 (1:1000), them all from Cell Signalling (Danvers, MA, USA), as well as for mouse monoclonal anti-p27 (1:300; cat. n: AHZ0452; Invitrogen, Carlsbad, CA, USA), mouse monoclonal anti-Cyclin D1 (1:500; cat. n: NCL-CYCLIN D1-GM; Novocastra, Newcastle, UK), rabbit polyclonal anti-Bax (1:500; Santa Cruz Technologies) and rabbit polyclonal anti-p-ERK1/2 (1:1000; Thermo Fisher). Mouse monoclonal anti-β-actin (1:5000; cat. n: A5441; Sigma, Rehovot, Israel) was used as loading control. The membranes were incubated for 1 h at room temperature with anti-rabbit IgG conjugated to IRdye 800 CW (1:10000; cat. n: 926--32,211; LI-COR Biosciences, Nebraska, USA) and with anti-mouse IgG conjugated to IRdye 680 LT (1:15000; cat. n: 926--68,020; LI-COR Biosciences). Then, the membranes were scanned with a LI-COR Odyssey scanner (LI-COR Biosciences). When ECL-chemiluminescence was needed, the membranes were incubated with ECL-anti-mouse IgG horseradish peroxidase-linked antibody (1: 3000; cat. n: NA931; GE Healthcare, Little Chalfont, Buckinghamshire, UK) or with ECL-anti-rabbit IgG horseradish peroxidase-linked antibody (1: 3000; cat. n: NA934; GE Healthcare). The obtained bands were densitometry analyzed (PDI Quantity One 4.5.2 software, BioRad, Munich, Germany). At least three experimental replicates were conducted per time interval and protein. The data were normalized over the load controls and sham-exposed controls.

p-ERK1/2 inhibition {#Sec9}
-------------------

Three plates with NB69 cultures were used per each of 3 experimental groups: untreated controls (C), samples treated with the p-ERK1/2 inhibitor: 20 μM PD98059 (PD), and samples exposed to CRET in the presence of the inhibitor (PD + CRET). The cultures were seeded at a density of 8160 cells/cm^2^ and incubated for 4 days. Next, PD and PD + CRET samples received the inhibitor and PD + CRET samples were exposed to the electric treatment for 12 or 24 h. After electrical stimulation, Bax expression (immunoblot at 12 h) as well as cell cycle and apoptosis rate (flow cytometry at 24 h) were analyzed following the protocols described above.

Statistical analysis {#Sec10}
--------------------

All experimental procedures and analyses were conducted blindly for treatment. The two-tailed unpaired Student's t-test or ANOVA and Bonferroni's Multiple Comparison Test was applied for data analysis, using GraphPad Prism 6.01 Software (San Diego, CA, USA). Differences between samples were considered statistically significant at *p* \< 0.05.

Results {#Sec11}
=======

Changes in cell viability as a function of the signal frequency {#Sec12}
---------------------------------------------------------------

The effects on cell death and viability after 24 h of intermittent exposure at the selected signal frequencies are summarized in Fig. [1](#Fig1){ref-type="fig"}. Compared to their respective control samples, those exposed to 350 or 448 kHz currents showed statistically significant decreases (*p* = 0.0008 and *p* = 0.0360, respectively) in the average number of living cells. By contrast, at higher frequencies the average number of living cells remained unchanged with respect to controls (*p* = 0.507 at 570 kHz) or it was slightly but significantly increased (*p* = 0.0474 at 650 kHz). Regarding cell death, the average incidence of necrosis and/or late apoptosis in the control samples was 6% of the total cell count. This death rate was significantly increased over controls in the samples exposed to 448 kHz (37%; *p* = 0.0167) and 570 kHz and (18%; *p* = 0.0109) but it did not differ from that of controls in cultures exposed to higher or lower frequency signals. Taken together, these data support the hypothesis that the cell response to electrical stimulation at sub-thermal doses is a nonlinear function of the signal frequency, being 448 kHz the most effective one in simultaneously inducing cytostatic and cytotoxic effects in NB69. On the basis of this, the 448 kHz signal was chosen as suitable to investigating the processes underlying the cytostatic/cytotoxic action of CRET sub-thermal electrostimulation. Fig. 1Trypan Blue assay for cell viability as a function of the signal frequency. Samples were exposed to 5-min pulses of a 50 μA/mm^2^ current density applied every 3 h 55 min, or sham-exposed, for a total of 24 h. Data are means ± SEM of at least 3 experimental repeats, normalized over the respective controls. \*: 0.05 \> *p* ≥ 0.01; \*\*\*: *p* \< 0.001; Student's t-test

Effects of stimulation at 448 kHz on the cell cycle {#Sec13}
---------------------------------------------------

As shown in Fig. [2](#Fig2){ref-type="fig"}, flow cytometry revealed a statistically significant increase (40% over controls; *p* = 0.0136) in the percent of apoptotic nuclei, represented by the subG0/G1 peak. The electric treatment also induced slight decreases below controls in the fraction of cells in phase G1 (8%; *p* = 0.0294: statistically significant) and S (4%; *p* = 0.4075: non-significant). The possibility that these effects were mediated by sequential changes in proteins involved in apoptosis or cell cycle progression was investigated. Fig. 2Flow cytometry analysis for cell cycle phases and apoptosis after 24 h of sham-exposure or intermittent exposure to the 448 kHz signal at a 50 μA/mm^2^ current density. **a** Representative images from one experimental run. Marker 1 (M1): region SubG0/G1; Marker 2 (M2): region G0/G1; Marker 3 (M3): region S; Marker 4 (M4): region G2/M. Events versus FL2-A parameter (PI fluorescence). **b** Percent of cells in the cell cycle phases G0/G1, S, G2/M and of apoptotic cells SubG0/G1. Data are means ± SEM of at least 3 experimental repeats, normalized over the respective sham-exposed controls. \*: 0.05 \> *p* ≥ 0.01; Student's t-test

Effects on proteins involved in apoptosis {#Sec14}
-----------------------------------------

The tumour suppressor protein p53 promotes growth arrest, apoptosis and cellular senescence through transcriptional activation or repression of target genes such as Bax, Bak, Bcl or caspases \[[@CR22]\]. The expression of p53, Bax and caspase-3 was analyzed in samples exposed intermittently to the 448 kHz signal for 12 h (4 exposure pulses of 5 min) or 24 h (8 pulses of 5 min). The results in Fig. [3](#Fig3){ref-type="fig"} show that compared to their respective controls, the treated samples showed significantly increased expression of protein p53, both at 12 h (*p* = 0.0340) or 24 h (*p* \< 0.0001) from the stimulation onset. This effect was confirmed by immunofluorescence analysis, although this test only could identify statistically significant (*p* = 0.065) differences with respect to controls after 24 h of exposure (Fig. [4](#Fig4){ref-type="fig"}). As for Bax expression, it experienced a significant (*p* = 0.0076), transient increase after 12 h of intermittent exposure and returned to levels equivalent of those in controls after 12 additional hours of treatment (Fig. [3](#Fig3){ref-type="fig"}). On the other hand, the immunofluorescence analysis did not provide relevant information on potential effects on Bax expression (Fig. [4](#Fig4){ref-type="fig"}). Regarding caspase-3 expression, the NB69 line is known to have very low rates of caspase-3-positive cells \[[@CR23], [@CR24]\]. Indeed, that rate was less than 3% in our control samples. Under these conditions the immunoblot analysis was inefficient to assess caspase-3 expression both in the exposed and in controls samples. However, the immunofluorescence assay did reveal significant increases in the amount of caspase-3+ cells, both at 12 h (68% over controls; *p* \< 0.0001) and 24 h of treatment (52%; *p* = 0.0165; Fig. [4](#Fig4){ref-type="fig"}). It must be noted that the analysis of the images at 12 h of treatment revealed a large number of cells with cytoplasmic caspase labeling, while at 24 h the number of caspase+ cells was low, but their labeling had a nuclear location (Fig. [4](#Fig4){ref-type="fig"}a). Fig. 3Immunoblot for p53 and Bax expression. **a** Representative blots at 12 h or 24 h of sham- or CRET-treatment. β-actin was used as loading control. 100 μg protein/lane. C = Control, T = Treated with the 448 kHz signal at 50 μA/mm^2^. **b** Immunoblot densitometry values for protein expression at 12 h or 24 h of treatment. The data, normalized over controls, are means ± SD of the protein/β-actin ratios for the corresponding proteins in at least 5 experimental repeats. \*: 0.05 \> *p* ≥ 0.01; \*\*: 0.01 \> *p* ≥ 0.001; \*\*\*: *p* \< 0.001; Student's t-test Fig. 4Immunofluorescence. **a** Immunofluorescence for p53, Bax and caspase-3 at 12 h or 24 h of sham- or CRET-treatment: representative micrographs. Alexa Red for p53, Alexa Green for Bax and caspase-3, and Hoechst 33258 for DNA. Bottom line displays merged images of caspase 3+ (green) and Hoechst (blue). C = Control, T = Treated with 448 kHz at 50 μA/mm^2^. Bar = 100 μm. **b** Quantification of p53, Bax and caspase-3 positive cells. Values are means ± SEM of at least 3 experimental replicates, normalized over sham-exposed controls. \*: 0.05 \> *p* ≥ 0.01; \*\*: 0.01 \> *p* ≥ 0.001; \*\*\*: *p* \< 0.001; Student's t-test

Effects on proteins involved in cell proliferation and cell cycle control {#Sec15}
-------------------------------------------------------------------------

The exposure effects on the kinetics of the expression of cyclin D1, p27, p-p38, p-ERK and the membrane receptor p-EGFR, which regulate cell proliferation and cell cycle, were investigated. Immunoblot analysis of the samples treated during 12 h revealed significant subexpression of the proteins p27 (23.6% below controls; *p* = 0.0019) and cyclin D1 (18.17% below controls; *p* = 0.0161), both involved in the control of G1 phase progression (Fig. [5](#Fig5){ref-type="fig"}). After 12 additional hours of intermittent exposure, such transient subexpression of proteins was followed by overexpression of p27 (21.8% over controls; *p* = 0.0093) and by return of the expression of cyclin D1 to levels that did not differ significantly (*p* = 0.4624) from those in controls. Fig. 5Immunoblot for p-ERK1/2, ERK1/2, p-EGFR, p-JNK, p-p38, Cyclin D1 and p27. **a** Representative blots of protein expression at 5 min, 30 min, 4 h, 12 h or 24 h of sham- or CRET- exposure to 448 kHz at 50 μA/mm^2^. 100 μg protein/lane. β-actin was used as loading control. C: sham-exposed controls, T: CRET-treated. **b** Immunoblot densitometry for protein expression. The data, normalized over controls, are means ± SD values of the protein/β-actin ratios for the corresponding proteins, at 5 min, 30 min, 4 h, 12 h or 24 h of treatment in at least 5 experimental repeats. \*: 0.05 \> *p* ≥ 0.01; \*\*: 0.01 \> *p* ≥ 0.001; Student's t-test

It has been reported that cyclin D1 expression and activation in the early G1 phase is stimulated, through transcriptional and post-transcriptional mechanisms, by mitogenic signaling pathways such as Ras-ERK \[[@CR25]\]. Thus, the possibility was investigated that protein p-ERK1/2, from the Ras-ERK pathway, mediates the electroinduced fluctuations in cyclin D1 expression observed throughout the CRET treatment (Fig. [5](#Fig5){ref-type="fig"}). The immunoblot data showed no significant changes in the expression of total ERK1/2 at 5 (*p* = 0.5405) and 30 min (*p* = 0.2797) of treatment, when compared to the corresponding controls. No changes were detected in the expression of the active form of the protein, p-ERK1/2 at the end of the initial 5-min exposure, either (*p* = 0.1453). However, significant overexpression of p-ERK1/2 (28.2% over controls; *p* = 0.0214) was observed at 30 min of treatment (the initial 5-min exposure plus 25 min without exposure), followed by underexpression (11.7% below controls; *p* = 0.143) at 4 h (after a second exposure pulse) and 12 h (21.4% below controls, after a fourth pulse; *p* = 0.0267). After 24 h of treatment (8 exposure pulses) the p-ERK1/2 expression levels did not differ significantly (*p* = 0.4489) from those in controls. In contrast to this early response of p-ERK1/2, other proteins such as MAPK p38, JNK or the membrane protein EGFR involved in reception of extracellular signals and in Ras-ERK pathway activation \[[@CR26]\], did not experience significant changes in the expression of their active forms, p-p38, p-JNK and p-EGFR, after the initial 5 or 30 min of treatment (Fig. [5](#Fig5){ref-type="fig"}).

The CRET effects on the early expression of p-ERK and p-p38 were also analyzed by immunofluorescence. After 30 min of exposure, a significant increase (10%; *p* = 0.0261) was observed in the percent of p-ERK1/2+ cells, which in control samples averaged 60% (Fig. [6](#Fig6){ref-type="fig"}). In contrast, the average rate of p-p38+ cells at 30 min (around 50% in controls) was not changed (*p* = 0.2299) by the CRET treatment. These results were consistent with those obtained by immunoblot analysis (Fig. [5](#Fig5){ref-type="fig"}). Fig. 6Immunofluorescence. **a** Immunofluorescence for p-ERK and p-p38 at 30 min of sham- or CRET-treatment: representative micrographs. Alexa Green for p-ERK, Alexa Red for p-p38 and Hoechst 33258 for DNA. C = Control, T = Treated with 448 kHz at 50 μA/mm^2^. Bar = 100 μm. **b** Quantification of p-ERK and p-p38 positive cells. Values are means ± SEM of 3 experimental replicates, normalized over sham-exposed controls. \*: 0.05 \> *p* ≥ 0.01; Student's t-test

The possibility that the observed effects of CRET on p-ERK1/2 could influence cell cycle regulation and/or apoptosis was also investigated. The expression of Bax, which was significantly increased (30% over controls; *p* = 0.0340) after 12 h of electric treatment (Fig. [3](#Fig3){ref-type="fig"}), remained unaffected both in samples treated with the p-ERK1/2 inhibitor only and in those stimulated electrically in the presence of the inhibitor (Fig. [7](#Fig7){ref-type="fig"}a and b). By contrast, the rate of apoptosis was significantly increased (*p* = 0.0235) after 24 h of CRET exposure in the presence of the inhibitor. As for cell cycle, while after 24 h of exposure to CRET there was a modest decrease in the rate of cells in S phase (4% below controls, Fig. [2](#Fig2){ref-type="fig"}), when applied in the presence of the inhibitor the electric treatment induced a 17% increase (*p* = 0.0574) in the proportion of cells in said cycle phase and a significant decrease (*p* = 0.0213) in G0/G1 phase (Fig. [7](#Fig7){ref-type="fig"}c). None of the treatments, either applied together or separately, induced significant effects in other cycle phases. Fig. 7Immunoblot for Bax and flow cytometry analysis for cell cycle. **a** Representative blots of Bax at 12 h of sham-exposure (control), PD98059 inhibitor treatment, or CRET exposure in the presence of inhibitor. 100 μg protein/lane. β-actin was used as loading control. C: sham-exposed controls, PD: samples treated only with inhibitor PD98059, CRET+PD: exposed to CRET in the presence of the inhibitor. **b** Immunoblot densitometry for protein expression. The data, normalized over controls, are means ± SD values of the protein/β-actin ratios for the corresponding proteins at 12 h of treatment in 4 experimental repeats. NS: *p* ≥ 0.05; ANOVA and Bonferroni's Multiple Comparison Test (**c**) Flow cytometry analysis for cell cycle phases and apoptosis after 24 h of sham-exposure, PD98059 treatment only or CRET-exposure in the presence of inhibitor. Percent of cells in cycle phases G0/G1, S or G2/M and of apoptotic cells SubG0/G1. Data are means ± SEM of at least 3 experimental repeats, normalized over the respective sham-exposed controls. \*: 0.05 \> *p* ≥ 0.01; ANOVA and Bonferroni's Multiple Comparison Test

Discussion {#Sec16}
==========

The results of the signal frequency assay confirm the previously reported sensitivity of NB69 cells to CRET \[[@CR19]\] and support the hypothesis that the signal frequency can be a critical parameter in the cellular response to RF stimulation at subthermal current densities, said response being a nonlinear function of frequency (Fig. [1](#Fig1){ref-type="fig"}). In fact, sensitivity to specific frequencies or to frequency windows is a common characteristic in the cellular response of cancer cells to weak or subthermal electric or magnetic fields and currents \[[@CR27]\].

As the frequency scan allowed identifying the 448 kHz signal as the most effective at simultaneously inducing cytostatic and cytotoxic effects under the assayed experimental conditions, it was decided to apply this frequency in the study of phenomena involved in the cell response to subthermal CRET stimulation. To this end, it was investigated whether the decreased proportion of live cells and increased death rate induced by the 448 kHz signal could be due to blockade of cell cycle progression and/or to increased rate of apoptosis. Indeed, apoptotic responses to 100 kHz - 300 kHz electric fields \[[@CR28], [@CR29]\] or to 900 MHz signals \[[@CR30]\] have been reported in cancer cells, which is in line with the increased fraction of cells in subG0/G1 phase observed here after exposure to the 448 kHz signal (Fig. [2](#Fig2){ref-type="fig"}).

The expression of p53, Bax and caspase-3 was analyzed to elucidate whether the observed proapoptotic effect could be mediated by electrically induced alterations in the expression of these proteins involved in regulation of the apoptotic process. Protein p53, a central regulator of transcription, binds to DNA, detects potential molecule damage and activates the corresponding repair mechanisms. If the damage is irreversible, p53 activates the apoptotic pathway by transcribing apoptosis effector genes \[[@CR31]\]. After 12 or 24 h of electric stimulation, significant increases were observed in p53 expression (Figs. [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}), indicating that this protein would mediate the pro-apoptotic CRET effect detected by flow cytometry. This evidence adds to that reported previously in human hepatocarcinoma cells HepG2, which showed significant changes in p53 expression and location, associated with cytostasis, after 48-h exposure to 570-kHz subthermal current \[[@CR18]\].

Protein p53 also acts on effectors such as caspase-3 and on modulators of apoptosis such as Bax, whose overexpression has proapoptotic effects in various cell types. In response to cell death related signals, Bax migrates from its cytoplasmic location to the mitochondria, where it promotes cytochrome C release, which activates the apoptotic cascade \[[@CR32]\]. The obtained results reveal that, after 12 h of treatment, a transient overexpression of Bax occurred (Fig. [3](#Fig3){ref-type="fig"}), together with an increased expression of caspase-3 that was maintained until 24 h of exposure (Fig. [4](#Fig4){ref-type="fig"}). This caspase-3 overexpression was followed by the apoptotic response identified by flow cytometry as an increased fraction of cells in phase subG0/G1 (Fig. [2](#Fig2){ref-type="fig"}). For caspase-3 to be active and capable of inducing apoptosis, it must translocate from the cytoplasm to the nucleus. The raw, non-normalized data, as illustrated by the images in Fig. [4](#Fig4){ref-type="fig"}a, show a large amount of caspase+ cells at 12 h of CRET treatment. However, in most of these cells the labeling has a cytoplasmic location, which indicates that said caspase is not active and, therefore, cannot induce apoptosis. In contrast, 12 h later and for reasons that are still to be elucidated, only a few cells remain caspase+, but they show nuclear labeling, indicating that have entered apoptosis. This would explain why the increase in apoptosis at 24 h is modest in absolute values, ​​though relevant and statistically significant when normalized on controls, as shown in Fig. [4](#Fig4){ref-type="fig"}b.

On the other hand, cyclin D1 forms complexes with the cyclin-dependent kinases CDK4 and CDK6, it expresses during G1 phase and regulates the G1/S transition through Rb phosphorylation \[[@CR33]\]. The significant subexpression of cyclin D1 registered after 12 h of treatment (Fig. [5](#Fig5){ref-type="fig"}) suggests that the above described effect of CRET on the subG0/G1 phase could be mediated by electroinduced alterations in cyclin D1 expression. Taking into account that underexpression of cyclin D1 is typical of quiescent cells, the subexpression observed at 12 h of treatment might indicate that the electric stimulus would have led a sensitive fraction of the cell population to enter apoptosis or quiescence before reaching G1 phase. Such possibility was addressed by analysis of the expression of protein p27, which is an inhibitor of the cyclin-dependent kinases that control the cell cycle progression. P27 is overexpressed in quiescent cells and exerts apoptosis control and cell cycle downregulation by specifically inhibiting CDK2 activity during phase G1 \[[@CR34]\]. The present results showed significant subexpression of p27 after 12 h of treatment, followed by significant overexpression at 24 h (Fig. [5](#Fig5){ref-type="fig"}). This overexpression indicative of quiescence could be a causal factor in the subsequent decrease in cell population observed after 24 h of treatment.

Other proteins such as ERK1/2, of the MAPK pathway, also regulate cell cycle progression, and changes in their expression and/or activation can affect the cell proliferation rate. ERK1/2 regulates the transition from phase G1 to S, so it is essential for cells to leave quiescence and progress in the cell cycle, with the consequent increase in cyclin D1 expression and activation \[[@CR35], [@CR36]\]. Though the type of response triggered by ERK1/2 phosphorylation varies between different cell types and is dependent on the duration and intensity of the activation \[[@CR37], [@CR38]\], the proliferative response is the most common one in tumor cells \[[@CR39]\]. Even though the MAPKs pathway has been shown sensitive to intermittent exposure to electromagnetic fields in a wide spectrum of frequencies, from extremely low \[[@CR40], [@CR41]\] to high and ultra-high \[[@CR42]\], the effector mechanisms of the reported responses have not yet been fully elucidated \[[@CR43]\]. The present study investigates whether electroinduced changes in the expression of the active form of ERK1/2 could mediate the modifications in cyclin D1 and p27 expression observed in CRET exposed samples. To that end, the sequence of changes in p-ERK1/2 expression over 24 h of treatment, starting at 5 min from the exposure onset, was immunoblot analyzed. While no changes were detected in p-ERK1/2 expression at the end of the initial 5-min exposure, significant overexpression was observed 25 min after in CRET-exposed samples (Figs. [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"}). Subsequent exposure intervals, with two or four stimulation cycles (4 or 12 h of treatment, respectively) resulted in significant subexpression of p-ERK1/2, whereas at the end of the 24-h treatment, after 7 exposure cycles, the p-ERK1/2 levels did not differ significantly from those in controls. On the other hand, the expression of total ERK1/2 was not affected by CRET at any of the studied intervals, indicating that the electric stimulus would act on the protein activation, but not on its gene or protein expression.

Although ERK1/2 activation plays a crucial role in promoting cell proliferation and survival, its sustained activation can also induce differentiation, senescence, cell cycle arrest and/or apoptosis in a number of cell species \[[@CR39], [@CR44]\]. From this, the results described above could indicate that the electric stimulation would induce an initial activation of ERK1/2 that would sustain during the first hours of treatment. Then, the continuation of this activation along ulterior stimulation pulses could trigger the subsequent subexpression of p-ERK, possibly mediated by p53 activation, and lead to the antiproliferative effect observed at the end of the 24 h of treatment (see diagram in Fig. [8](#Fig8){ref-type="fig"}). Fig. 8Schematic representation of the cascade of events triggered by intermittent stimulation (5 min ON/3 h and 55 min OFF) with CRET at 448 kHz and 50 μA/mm^2^. Samples were studied at 5 min, 30 min, 4 h, 12 h or 24 h after onset of the initial, 5-min exposure interval. Dotted arrows: proposed action pathways. Solid arrows: confirmed pathways; ▲: increase, statistically significant; ▼: decrease, statistically significant;![](12885_2019_6090_Figa_HTML.gif){#d29e1020}: increase, not significant statistically;![](12885_2019_6090_Figb_HTML.gif){#d29e1023}: decrease, not significant statistically. The antiproliferative and proapoptotic effects observed at the end of the second day of intermittent stimulation would be mediated by electrically induced changes in the expression of proteins that regulate cell cycle phases, apoptosis and cell proliferation. See the discussion text for detailed explanation

ERK1/2 is part of the Ras-ERK MAPK pathway, which is activated by several receptor-linked tyrosine kinases such as EGFR, FGFR, PDGFR or TrkA/B, which in turn are activated by extracellular ligands. The EGFR receptor, which has been found amplified in various brain tumors \[[@CR45], [@CR46]\] and whose inhibition exerts antiproliferative effects in human neuroblastoma cells \[[@CR47]\], has been proposed as a potential target sensitive to electric and magnetic fields \[[@CR48], [@CR49]\]. On this basis and taking into account the effects of the electric stimulation on p-ERK1/2 expression, the early effects of the electric treatment on the expression of the EGFR receptor were investigated. The immunoblot assay revealed potential decreases, non-significant statistically with respect to controls, in the expression of the receptor, both at the end of the initial, 5-min stimulation pulse and 25 min after (Fig. [5](#Fig5){ref-type="fig"}). Whether or not these slight decreases may intervene in the significant subexpression of p-ERK1/2 detected at later treatment stages, triggering the inhibition of the proliferative pathway as proposed in the scheme of Fig. [8](#Fig8){ref-type="fig"}, is a question that remains to be elucidated.

The possibility that the ERK1/2 pathway of MAPK is involved in the CRET effects on apoptosis or proliferation was further investigated by using the p-ERK1/2 inhibitor PD98059. The results showed that the presence of the inhibitor during the 12 h of electric exposure blocked the pro-apoptotic effect of CRET by reversing the electrically-induced stimulation of Bax expression (Figs. [3](#Fig3){ref-type="fig"} and [7](#Fig7){ref-type="fig"}). However, this inhibition of the apoptotic effect of CRET could be transient, as indicated by the significant increase in the subG0/G1 cell rate observed after 24 h of treatment in the presence of PD98059. In addition, the inhibitor also blocked the decrease in the S cell rate induced by CRET when administered alone. These results provide additional support to the hypothesis that the ERK1/2 pathway could be involved in the anti-proliferative and pro-apoptotic effects of CRET (Fig. [7](#Fig7){ref-type="fig"}).

As for the MAPK protein p38, it has been shown to intervene in cell cycle control by modulating the G1/S and G2/M checkpoints \[[@CR50]\] and is potentially involved in tumor cell survival in neuroblastoma metastatic processes \[[@CR51]\]. This, together with the fact that p38 can express and activate in response to a variety of extracellular stimuli, including electromagnetic fields \[[@CR52]\] makes this protein an additional candidate to be precociously involved in the cellular responses triggered by the CRET stimulus. The MAPK c-Jun N-terminal kinase (JNK) could be a potential candidate as well, since it plays a key role in cell stress, regeneration and senescence signaling pathways, and its activation has been identified as a key element in the regulation of the apoptotic signal \[[@CR53]\]. However the immunoblot and immunofluorescence tests did not reveal significant changes in the expression of p-p38 or p-JNK after short, 30-min CRET treatment (Figs. [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"}), indicating that these MAPK pathways might not be sensitive to the electric signal under the assayed conditions.

Conclusions {#Sec17}
===========

The block of results reported here indicates that the CRET effects in NB69 would be mediated by changes electrically induced in the expression of proteins regulating cell cycle, apoptosis and proliferation, as summarized in Fig. [8](#Fig8){ref-type="fig"}. Membrane receptors such as p-EGFR, whose expression was decreased, though not significantly, after a first pulse of treatment, could be potential initial targets of the electric stimulus. An effect of this kind could mediate in the subsequent underexpression of p-ERK1/2 (at 4 and 12 h), and lead to the antiproliferative effect observed at 24 h. On the other hand, the electric signal could be detected by other receptors such as FGFR, PDGFR or TrkA/B, which would be activated or overexpressed if they interpreted the signal as a mitogenic stimulus. This could be the cause for the increase in early p-ERK1/2 activation (at 30 min), which would mediate the succeeding subexpression of p27 (12 h). From there, the periodic repetition of the electric stimulation could lead to the subsequent activation of proteins such as p53 (at 12--24 h), and to the triggering of a proapototic response mediated by increased expression of Bax (at 12 h), caspase-3 (12--24 h) and p27 (24 h). In addition, the activation or overexpression of p53 and p27 in later phases of the treatment would intervene in the observed subexpression of cyclin D1, which would result in additional antiproliferative effect by inducing part of the cell population to enter quiescence. The specific phenomena involved in the action of p53 on apoptosis or cell cycle arrest are only partially known and are a growing subject of research. Several general factors intervening in these processes include the p53 expression levels, the type of stress signal, the cell type and the cell context at the exposure time \[[@CR54]\].

It is obvious that, in the absence of a complete dataset on the effects of electric stimuli such as those applied in this study on other cellular and animal models, as well as in humans, the present results do not constitute a sufficient basis for propounding the application in cancer patients of such electric treatments. However, the deepening of knowledge and characterization of the sequence of responses induced in human cancer cells by subthermal electric stimuli can significantly contribute to understand the effects reported in cancer patients treated with radiofrequency currents or electric and/or magnetic fields, as well as to improve the design and safety of this type of physical treatments.
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